Solid state redox capacitors have received a tremendous interest in terms of several characteristics such as their fast energy delivery, short charging time, high power density and extended durability. Due to the absence of a liquid electrolyte, they are free from drawbacks of leakage and unsafe. In this study, preparation and characterization of a redox capacitor consisting with two identical polypyrrole (PPy): dodecylbenzenesulfonate (DBS) electrodes and a gel polymer electrolyte (GPE) based on polyvinylidene fluoride (PVdF), ethylene carbonate (EC), propylene carbonate (PC) and sodium thiocyanate (NaSCN) is reported. The GPE having the composition, 0.4 PVdF: 1 EC: 1 PC: 0.075 NaSCN (by weight) showed the maximum conductivity of 2.25× 10 -3 S cm -1 . Redox capacitors were characterized using Cyclic Voltammetry, Electrochemical Impedance Spectroscopy and Galvanostatic Charge Discharge test. They exhibited an energy density about 0.25 W h kg -1 and an average power density of 4 kW kg -1
Introduction
Introducing a more sustainable energy economy has been identified as a necessity of the era due to the growing concern about the fossil fuel crisis. Supercapacitors arouse wide range of research activities as a type of novel electrochemical energy storage devices because of their attractive properties such as fast and high energy delivery, short charging time, high power density, extended durability and environmental friendliness (Yu et al., 2012; Zhu et al., 2011) . Due to those properties they have the capability to meet requirements of many modern applications such as hybrid vehicles, mobile phones, computers, automatic door closers, medical equipment and for load leveling (Hashmi et al., 2005; Ma et al., 2015) There are two types of supercapacitors namely, electrochemical double layer capacitors (EDLCs) and redox/ pseudo capacitors. Difference between these two types is the energy storage mechanism. In EDLCs, capacitance arises by building up of charges at the electrode/electrolyte interface and various forms of carbon based materials are used as electrodes. But in redox capacitors, charges are stored in bulk of a material in response to redox reactions. Electrode materials such as RuO 2 , MnO 2 , CoO x and most importantly conducting polymers are employed for redox capacitors (Snook et al., 2011; Hashmi et al., 2005; Gupta & Tripathi 2013) Conducting polymers have been identified as one of the most suitable electrode material in redox capacitors due to their fast doping and dedoping ability, high charge density, easy synthesis and low cost.
Electrolyte plays a great role during charge discharge process in determining the capacity. Therefore, an electrolyte with good electrochemical properties is very important for enhancing efficiency (Ma et al., 2015) . Number of redox capacitors based on liquid electrolytes can be found in literature, but those are associated with usual disadvantages such as corrosion, self discharge, low energy density, bulky design, leakage etc. (Hashmi et al., 1998; Hashmi et al., 2005) These issues can be skirted using gel polymer electrolytes (GPEs) which have been considered to use for various applications due to their merits of high ionic conductivity and good mechanical properties (Perera et al., 2007 , Jayathilake et al., 2014 . Therefore, development of solid state redox capacitors using GPEs is one of the current research areas of great interest (Hashmi et al., 2005) . GPEs are prepared by immobilizing a salt solvent mixture in a suitable polymer matrix. Due to this special structure, they give rise to liquid like conductivity and preferable mechanical stability like solid electrolytes. GPEs are ideal candidates for redox capacitors due to excellent chemical stability, mechanical properties etc. Up to date there are very few reports about GPE based redox capacitors In this paper, it is reported about a redox capacitor fabricated with polypyrrole (PPy): dodecylbenzenesulfonate (DBS) electrodes and a GPE based on polyvinylidene fluoride (PVdF), ethylene carbonate (EC), propylene carbonate (PC) and sodium thiocyanate (NaSCN). GPE was characterized by Electrochemical Impedance Spectroscopy and DC Polarization test. The performance of redox capacitors have been evaluated by Electrochemical Impedance Spectroscopy (EIS), Cyclic Voltammetry (CV) and Galvanostatic Charge Discharge (GCD) test. the preparation of GPE, 0.5 PVdF: 1.0 EC: 1.0 PC: 0.1 NaSCN (weight basis) was selected as the initial composition. First, required amount of NaSCN was dissolved in EC and PC by magnetic stirring. Then, PVdF was added in to the mixture and heating was done at 120 °C for about 30 minutes. Finally the resultant hot mixture was pressed in between two well cleaned glass plates. Number of samples were prepared by changing the salt and the polymer concentration to find the optimum composition that results the highest ionic conductivity. EC and PC weight ratio was fixed as 1:1 throughout the study.
PPy: DBS electrodes were prepared using 0.1 M pyrrole (98%, Aldrich) and 0.05 M sodium dodecylbenzenesulfonate (SDBS) (Aldrich). Films of area, 1×1 cm 2 were electrochemically polymerized on fluorine-doped tin oxide (FTO) glass plates using a computer controlled three electrode set up. A standard Ag/ AgCl 2 electrode was used as the reference electrode and a Pt electrode was used the counter electrode. The highest conducting GPE film of 1×1 cm 2 was sandwiched in between two PPy: DBS electrodes to fabricate redox capacitors in the configuration of PPy: DBS / PVdF: EC: PC: NaSCN / PPy: DBS.
Electrochemical measurements
A circular shaped pellet of GPE was sandwiched in between two stainless steel (SS) electrodes. Impedance data were collected in the frequency range from 0.4 MHz to 10.0 mHz using a computer controlled Metrohm Autolab M101 impedance analyzer. Measurements were taken from 30 °C to 55 °C using a glass tube furnace in order to trace the composition that results the highest ionic conductivity and to study the conductivity variation with temperature. The transference number measurements of the composition that exhibited the highest conductivity were done by DC polarization test. A circular film of GPE was sandwiched in between two SS blocking electrodes and current variation through the cell was measured as a function of time under 1.0 V DC bias potential.
EIS measurements of redox capacitors were taken using a computer controlled Metrohm Autolab M101 impedance analyzer in the frequency range of 0.4 MHz to 10 mHz. Overall specific capacitance of the capacitors at the lowest frequency was evaluated by using the equation 1 (Tey et al., 2016) . (1) where, ω (=2πf) is angular frequency and Z" is the imaginary part of the impedance at a low frequency value.
CV tests were done at the scan rate of 10 mVs -1 in order to find out the most suitable potential window for redox capacitors. The potential window was gradually increased from 0.8 V to 2.0 V. For the potential window which gave
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Sabaragamuwa University Journal 2015, V. 14 NO. 2 pp 149-161 the highest capacity, CV tests were done by changing scan rates. Capacitance was evaluated using the equation (2) where ∫I(V)dV is total integral area of the cyclic voltammogram, s is the scan rate and ∆V is the width of the potential window (Beidaghi & Wang 2011; Tey et al., 2016) . (2) Galvanostatic Charge discharge tests were done at the constant current of 5 mA. Redox capacitor was first discharged up to 0.0 V and immediately charged up to 1.8 V. Using the equation (3) and the linear part of the discharge curve, the discharge capacitance was calculated . (3) where i is the discharge current, ∆t is the time interval for the change of voltage ∆V.
The energy density (E) and power density (P) were calculated by using below equations.
where C is the capacitance, is the potential difference and t is the total discharge time.
Results and Discussion
A resultant Nyquist plot of SS / PVdF: EC: PC: NaSCN / SS symmetric cell is shown in figure 01 . It exhibits only a part of a semicircle. For a symmetric cell with two blocking electrodes, theoretically there should be two semicircles and a spike (Jayathilake et al., 2014) . One semicircle is in the intermediate frequency region and the other one is in the high frequency region. The spike appears in the low frequency region. First semicircle represents the bulk electrolyte properties while the second one represents the interfacial properties. Inset of figure 01 shows the high frequency region of the resultant Nyquist plot. It is seen that the high frequency semicircle is not present. Unavailability of required high frequency might be the possible reason for this observation (Jayathilake et al., 2015) . The spike is also absent in the resultant Nyquist plot and it may be also due to unavailability of required low frequency range. Bulk electrolyte resistance, R b was evaluated from the resultant impedance plot using nonlinear least square fitting program (Jayathilake et al., 2014) . The equivalent circuit used is given in figure 02 . Conductivity of the electrolyte was calculated using the R b value and equation (6) where t is thickness and A is area of the GPE film. The equivalent circuit for SS / GPE / SS cell. where R b -bulk electrolyte resistance, R ct -interfacial resistance, C g -geometrical capacitance, C dlinterfacial capacitance and W -Warburg impedance.
Room temperature conductivity variation of GPE with NaSCN concentration (by weight) is shown in figure 03 . Conductivity has increased while increasing the weight ratio of salt up to 0.075 and thereafter it has decreased. When increasing the NaSCN concentration, number of charge carriers is also increasing and due to that, ionic conductivity of GPE is also increasing. Further increment of salt can lead to create ion aggregates in GPE so that number of free ions which participate for conductivity also decreases. Thus, the conductivity decreases (Osman et al., 2012) . The highest conducting sample (PVdF 0.5: EC 1.0: PC 1.0: NaSCN 0.075) was further optimized by changing the concentration of the polymer.
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Figure 03
Variation of ionic conductivity at room temperature with NaSCN concentration (by weight)
Conductivity variation with the polymer concentration is shown in figure 04. Initially the conductivity increases with polymer concentration and after 0.4, it decreases gradually. Increment of the conductivity with polymer concentration may be due to the increasing of the assistance for ionic motion by polymer chains. When increasing polymer concentration further, it increases the viscosity of the system (Sharma & Sekhon 2006) . Because of that, the resistance for ion mobility increases and the conductivity decreases. The sample having the composition 0.4 PVdF: 1.0 EC: 1.0 PC: 0.075 NaSCN was selected as the optimum composition because it showed the maximum ionic conductivity of 2.25×10
-3 S cm -1 at room temperature. Further, it was of free standing nature. the conductivity (Ramesh & Chai 2007) . Enhancing of the ionic conductivity with increasing temperature shows that the GPE is thermally active. When temperature of the GPE is increased, the ions gain more energy and as a result of that, ion mobility increases. This increases the ionic conductivity with temperature. The activation energy obtained using the slope of the plot is 0.16 eV. This value of activation energy is very much in agreement of previous reports (Osman et al., 2012) . The low activation energy may be due to completely amorphous nature of the GPE. A sudden drop of current can be seen during the first hour due to polarization of ions. After that, it tends to stabilize due to electron movement. Using the equation (7), the ionic transference number was calculated.
where i t is the total current due to ions and electrons and i e is the current due to electrons (Jayathilake et al., 2015) . Calculated ionic transference number was 0.94. This indicates that the GPE is predominantly a good ionic conductor. Value of ionic transference number obtained in this study is nearly equal to the values reported by Chandra et al., and Kumar et al., for sodium ion conducting polymer electrolytes (Chandra et al., 2012; Kumar & Hashmi 2010 ). A resultant impedance plot of redox capacitor is shown in figure 07 . There is a semicircle in the middle frequency region and two linear regions at low frequencies. The latter features indicate that the capacitive behavior is existing at low frequencies (Jain & Tripathi 2013 ) based on the double-layer capacitance of high specific surface area carbon materials, are attracting major fundamental and technological interest as highly reversible, electrical-charge storage and delivery devices, capable of being operated at high power densities. In the present paper, studies have been carried out on nanocomposite gel polymer electrolyte comprising poly(vinylidene fluoride-co-hexafluoropropylene. The mid frequency semicircle represents charge transfer process at electrode/ electrolyte interface. The first intercept of the semicircle with the real axis is assigned to bulk electrolyte resistance. (Girija & Sangaranarayanan 2006) . The first linear region represents the capacitive behavior due to Warburg diffusion of ions (Zhu et al., 2011) . The next linear region which is very steep resembles the capacitive response of an ideal capacitor. Bulk electrolyte resistance and charge transfer resistance evaluated from nonlinear least square fitting program are respectively 44.9 Ω and 549.6 Ω. The calculated specific capacitance value at 10 mHz was 12 mF cm -2 or an equivalent of 48 F g -1 . A nearly rectangular shape cyclic voltammogram can be seen in -0.8 V to 0.8 V potential window and while increasing the potential window, two symmetric anodic and cathodic peaks appeared. In redox capacitors, charge storage is due to the redox reaction at electrode/electrolyte interface. The appearance of oxidation and reduction peaks reveals the contribution of redox process to the capacity (Yu et al., 2012) Absence of peaks in -0.8 V to 0.8 V potential window may be due to the absence of redox reactions in this potential window.
The potential window from -1.8 V to 1.8 V was selected as the most suitable window.
Resultant cyclic voltammograms for the scan rates of 5, 10 and 15 mV s -1 are shown in figure 09 . The response of each redox capacitor shows a dependency on scan rate. In cyclic voltammograms, a shift of peak positions can be seen with scan rates. Peak current of redox capacitors also increases with peak shifting. This is attributed to the pseudocapacitance of redox process at the electrode/electrolyte interface (Yu et al., 2012) With increasing scan rate, capacitance increased possibly due to improved redox reactions. The scan rate of 10 mV s -1 gives the highest capacity of 32 mF cm -2 (129.6 F g -1 ). After this scan rate, capacity decreased when the scan rate was increased. This may be due to occurrence of incomplete redox reactions which do not allow full charge storage. (Wang et al., 2013; Fonseca et al., 2006) . Galvanostatic charge discharge (GCD) characteristics of redox capacitor is shown in figure 10 . The charge discharge curve shows nonlinear behavior. This non linear behavior may be due to the redox reaction at electrode/electrolyte interface (Hashmi & Updahyaya 2002 Journal 2015, V. 14 NO. 2 pp 149-161 Figure 10: Charge discharge curve for PPy: DBS / PVdF: EC: PC: NaSCN / PPy: DBS redox capacitor at charge discharge current of 0.5 mA.
Conclusions
The GPE prepared with 0.4 PVdF: 1.0 EC: 1.0 PC: 0.075 NaSCN showed the maximum conductivity of 2.25×10 -3 S cm -1 and a freestanding nature. Conductivity variation with temperature followed Arrhenius behavior with the activation energy of 0.16 eV. That low activation energy supports the high conductivity of the GPE. Ionic transference number obtained from DC polarization test with blocking electrodes was 0.94. This indicates the GPE was purely an ionic conductor. Resultant impedance plot of PPy: DBS / 0.4 PVdF: 1.0 EC: 1.0 PC: 0.075 NaSCN / PPy: DBS redox capacitor shows capacitive nature at low frequencies. Calculated capacitance of the EDLC at 10 mHz is 12 mF cm -2 (equivalent to a single electrode specific capacitance of 24 F g -1 ). Highest capacitance of 32.4 mF cm -2 (129.6 F g -1 ) was obtained from the cyclic voltammetry test at the scan rate of 10 mV s -1 . Continuous cycling of the redox capacitor showed that the capacity fade was slightly high. Results of the Galvanostatic Charge Discharge test showed that the discharge capacity was about 13.5 mF cm -2 (27 F g -1 ). Further, energy density was found to be about 0.25 W h kg -1 whereas power density was about 4 kW kg -1 .
